Modern installations are more sensitive to power quality (PQ) 
INTRODUCTION
In the last two decades, electricity as a product has become more sensitive. From worldwide customer surveys on the electric supply, it is found that the complaints on power quality (PQ) related disturbances (such as power system harmonics, voltage dips, flicker, etc.) are increasing every year. The quality of the electricity that is provided by the grid operator has to comply with reference parameters set in for instance the European standard EN 50160 [1] and specific national grid codes. At present, only the standard IEEE 519-1992 [2] gives a recommendation for an individual customer about the current distortion limits at his installation-utility interface. However, there is no other standard to guide the customer about all the PQ requirements at the point of connection (POC). Hence, a strong regulation on the quality of the electric supply is required to optimize the service price of the electricity while also satisfying the customer's demand. Many polluting loads are connected to the MV and LV grids. These disturbing loads interact adversely with the grid components in most of the cases. So, it is difficult for the grid operators to maintain good power quality in the network. In this paper, various technical consequences of poor PQ on the network components are discussed. Until now, just a few case studies are carried out to analyze the costs of poor PQ for the grid operators based on a theoretical estimation of possible financial losses because of harmonics and voltage dips. Flicker is an irritating problem for the customers that may force them to complain to the grid operator. It can demote the reputation of the grid operator when they deliver a poor quality of the electricity service. Thus, the commercial quality of the power supply, which depends on the customer's and the grid operator's mutual relationships, can also be affected because of the poor PQ performance of the grid.
TECHNO-ECONOMIC IMPACTS OF POOR PQ
The network components suffer excessive heating, overloading, undesired tripping and early aging because of various PQ problems. In this paper, the main focus is given on some specific PQ problems: such as harmonics, voltage dips and flicker. These PQ problems generally occur quite often in the network and can cause inconveniences to the different network users. The grid operator is expected to provide a quality of the electricity at the customer's terminals which should fulfill the requirements of the standard EN50160 in Europe. In case many customers' devices inject large pollutions into the network, it is difficult for the grid operator to maintain a high voltage quality at the customer's POC better than the standard. A guaranteed high quality of the power supply would require large investments in the network for the benefit of relatively few potential sensitive customers (such as large industrial customers). So, it would be uneconomical for the grid operators to invest in the whole network. It is also doubtful whether it would be technically feasible to provide a high quality power supply to every customer within the current social and legal framework. Moreover, natural phenomena (like heavy storm, lightning etc.) can cause also PQ disturbances.
Technical Consequences of Harmonics
Harmonics are becoming a major concern as more power electronic devices are connected to the grid. They are often producers as well as the victims of the power system harmonics. Because of their non-linear operation, these devices inject harmonic currents and increase the total harmonic current distortion (THD) in the electricity grid.
Furthermore, the power system harmonics cause additional power flows in the network which are called 'distortion volt-amperes'. So, the total apparent power flow in the network increases. The increased level of harmonic currents can result in overloading, increased power losses and thermal stresses of the network components; eventually causing degradation and early ageing. The presence of large harmonic currents can decrease the actual power factor of the power system. It is often difficult for the grid operators to impose penalties to the harmonic producing customers because of the lack of proper measuring devices. Harmonic currents along with the high grid impedance can cause significant voltage distortions in the network too. These harmonic voltages cause non-linear currents in the system even where only linear loads are connected to the network. Other problems because of voltage harmonics are zero-crossing noise and increased electromagnetic interference which can cause wrong operation of semiconductor devices. Network components such as transformers, cables and power-factor correction (PFC) capacitors which can get affected by poor PQ are discussed here more in detail.
Effects on transformers
Transformers are affected significantly by the power system harmonics. The harmonic currents increase the loading of transformers because the core losses, copper losses, and stray-flux losses are increased. These extra losses result in additional heating and winding insulation stress. Therefore, a higher hot spot temperature in the transformer can occur, which reduces the lifetime of a transformer. Temperature cycling and possible resonances between the transformer winding inductance and network capacitances can also cause additional losses and may produce audible noises due to the core vibrations. The transformer losses consist of: 'no load losses' and 'load losses'. The no load losses are affected by the harmonics only in relation to the voltage distortions. The increase of no load losses due to harmonics is usually negligible. The no load losses are made up of two components:
• Hysteresis loss: this is the power consumed due to nonlinearity of the transformers. It is proportional to the frequency and dependent on the area of the hysteresis loop in the B-H diagram, and the characteristic of the material and a function of the peak flux density.
• Eddy current loss: this depends on the square of the frequency, the square of the thickness of the material and the resistivity. The load losses of a transformer are the losses generated by the load current which vary with the square of the load current. They increase significantly at higher harmonic frequencies when the transformers supply non-linear currents. The load losses consist of three components:
• Resistive losses within the winding conductors and leads. High-frequency components in the load currents cause extra losses as the harmonic currents do not fully penetrate into the conductor (skin effect).
• Eddy current losses in the winding conductors • Eddy current losses in the tanks and structural steelwork.
The eddy current losses are of most concern when harmonics are present. These losses increase approximately with the square of the frequency. The total eddy current losses are normally about 10% of the losses at full load. The total load losses of a transformer including harmonics (P T ) when connected to the grid are given in (1) [3] :
P CU = total copper loss P WE1 = eddy current losses at 50Hz (full load) P CE1 = additional eddy current losses at 50Hz (full load) P SE1 = stray losses in construction parts at 50Hz (full load) I h = rms current (per unit) at harmonic 'h' I L = total rms value of the load current (per unit) I 1 = fundamental component of the load current (per unit) at 50Hz frequency h = harmonic number
The other concern is the presence of triple-N harmonics. With A Y/∆ configured transformer, the triple-N currents circulate in the closed delta winding. All other non triple-N harmonics pass through to the downstream network. When supplying non-linear loads, the transformers are vulnerable to overheating and early aging. To minimize the risk of premature failure of the transformers, they can be either derated (oversizing the transformer) or use 'K-rated' transformer which are designed to operate with lower losses at harmonic frequencies. In Europe, the K-factor is termed as 'Factor K', according to the standard BS 7821 part 4 [4] . It is observed that increased loading can cause overstressing of the transformer which in turn increases heat dissipation and the chance of premature failure. This effect is usually expressed in terms of 'loss of lifetime'. The hot-spot temperature is used for evaluation of a relative value for the rate of thermal ageing. The actual lifetime of a transformer depends on extraordinary events, such as over-voltages, short-circuits in the system and emergency overloading. The relative ageing rate as a function of the hot-spot temperature θ h is given in (2) [5] :
V= ageing rate at θ h / ageing rate at 98
The relative rate of thermal ageing is taken as unity for a hot-spot temperature of 98 o C, which represents an ambient temperature of 20 o C and hot-spot temperature rise of 78 K.
Effects on cables
Harmonic currents have two main effects on cables:
• Additional 'ohmic losses' (I 2 R losses) in the line and neutral conductors of the cable because of the increased rms value of the current due to the harmonics. This causes increased operating temperatures in the cable.
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• Harmonic currents along with the grid impedances cause harmonic voltages across various parts of the network. This harmonic voltage increases the dielectric stresses on the cables and can shorten their useful lifetime.
The resistance (R) of a cable is determined by its DC value plus skin and proximity effect. The alternating current tends to flow on the outer surface of a conductor where the impedance is the least. This is known as the "skin effect" and is more pronounced at high frequencies. The "proximity effect" is because of the mutual inductances of the parallel conductors. Both the skin effect and the proximity effect are dependent on the power system frequency, conductor size, the resistivity and the permeability of the material. The proximity effect is generally more dominant in smaller cables while the proximity effect is more dominant in large cables, mainly at lower frequencies.
The presence of harmonics in the cables influences the conductor's resistance and further increases its operating temperature. This will eventually cause early aging of the cables. Due to the harmonic component 'h', the heat generated in a cable, consisting of 'n' conductors, is given by(3):
Q(n) = heat generated in a cable per unit length n = number of conductors in the cable r ac (h) = conductor resistance for h th harmonic per unit length I h = effective or rms value of h th harmonic current
The thermal degradation of an electric device is mainly caused by temperature rise beyond the rated value. This loss of lifetime can be estimated by the reaction rate equation as shown in (4) by the Arrhenius expression [6] :
dρ/dt = life expectancy variation A = material / process constant K = Boltzmann constant E = activation energy of the aging reaction θ = absolute temperature in Kelvin
When the operating temperature deviates from the rated temperature, the life expectancy of the cable is changed and can be calculated by (5) [6] :
ρ = lifetime referred to θ = θ rat + ∆ θ ρ rat = lifetime referred to θ = θ rat ∆θ = temperature rise in relation to θ rat in Celsius θ rat = cable rated temperature in Kelvin
Effects on PFC capacitors
Power-factor correction capacitors are provided to draw currents with a leading phase angle to offset lagging currents drawn by the inductive loads such as an induction motor. In the presence of a non-linear load, the impedance of the PFC capacitor reduces as the frequency increases, while the source impedance is generally inductive which increases with the frequency. With the capacitor and the stray inductance of the supply system, a parallel resonant circuit is formed. It can cause very large (often localized) harmonic voltages and currents to flow, often leading to the catastrophic failure of the capacitor system. The presence of voltage harmonics in the power system increases the dielectric losses in the capacitors at high operating temperature and reduces the reliability. The dielectric losses can be calculated by (6):
tanδ =R/(1/ωC) is the loss factor ω n = 2πf n = resonance frequency V= rms voltage of n th harmonic
In the MV and LV networks, sometimes it is required to use PFC capacitors to improve the power factor of the system. To reduce the chance of resonances in the system, tuned PFC capacitors can be used to filter harmonic components.
Financial Consequences of Harmonics
It is very difficult to specify the exact amount of financial losses due to a PQ disturbance. Therefore, field surveys, interviews and case studies are required to estimate those costs. Not many case studies are done yet to estimate the financial impacts of poor PQ for the grid operators.
In the Dutch network, most of the components (transformers, cables etc.) are loaded quite below their nominal value. De-rating and aging of the network components happen not very frequent in the Dutch grid, except a few local incidents. So, at present, it is not a proven fact that the network components are failing because of poor PQ in the Dutch grid. However, it is clear that there are extra losses in the network components because of additional harmonic currents in the network. It is expected that in the future electricity infrastructure, there will be more situations where harmonics can be a problem for the power system because of more usage of power electronics devices. Therefore, in the future, the grid operators might have to introduce penalties for the customers whose devices produce a large amount of harmonics. It would be possible when regular PQ monitoring is carried out at every installation to determine the actual PQ status. The main effects of harmonics on the network components are summarized below:
• Increased losses in the network components • Shorter equipment lifetime • Reduced energy efficiency • Susceptibility to nuisance tripping The costs of nuisance tripping can be significant as it can cause unplanned supply interruption. The costs of reduced Prague, 8- 
Consequences of Voltage Dips
A voltage dip event can disrupt the operation of sensitive devices that might lead to partial or complete interruption of the customer's power supply. The effects of voltage dips mainly depend on the type of customer, the usage of the power supply and the electricity demand of the installation. A voltage dip event can cause substantial financial losses to the industrial customers. An EPRI survey estimated that an average process outage time after one second power interruption is 21 minutes [7] . Generally, industrial customers demand large quantities of electricity. So, when a voltage dip event in the grid disrupts the power supply of many neighboring industries, can have high financial impacts.
Consequences of Voltage Flicker
Voltage flicker is considered to be an annoying problem for the customers. Most of the times, it does not have high financial impact. However, it causes inconveniences to the people when frequent flickering (of light and computer screens) occurs at their work-places or homes. From field studies it was found that voltage flicker can cause significant problems to the customers, leading to severe headache, epilepsy and other vision related illness. So, the affected people have to go for medical supervisions that can cost huge expenses. Therefore, the grid operator might be asked to bear the expenditure as it is due to the poor PQ of the electricity supply. It was estimated from the LPQI survey that the cost consequences due to flicker related problems can be up to 10% percent of an organization's employment costs [8] .
Commercial Quality Aspects
Another aspect that has grown interest in the electricity service sector is regarding the 'customer satisfaction' index. It depends on the customers' and the grid operator's mutual relationships and indicates the commercial quality of the electricity. The commercial quality generally relates to the individual agreement between the grid operator and the customer. However, only some of these relations can be measured and regulated through standards or other legal instruments. When more customers are not satisfied with the PQ of the supply, the grid operator may lose the trust of the customers. In the extreme situation, the national regulators may take action against the grid operator to solve the problem. Presently, in many countries the grid operators are obliged to verify PQ complaints of the individual customers. They should provide the voltage at the customer's terminals that have to fulfill the applicable standard requirements. However, the customers' responsibilities regarding various PQ requirements at the point of connections are not well defined. So, it is a challenge for the grid operator to maintain both the technical and service quality to satisfy the customers' needs.
CONCLUSION
In this paper, various technical, financial and commercial aspects of PQ for the grid operators are discussed. The main technical consequences of the power system harmonics on the network components are analyzed. It is found that the main impacts of the harmonics are: increased power losses, overheating, mechanical stresses and early aging of the network components. A long and deep voltage dip at an important location can also have a big impact on the grid operators. During the dip event, customers might get disconnected and supply interruption for some time might be the case. Voltage flicker mainly causes the customer's dissatisfaction, but in extreme cases it can have financial impacts too. Furthermore, poor PQ can have direct consequences on the commercial quality of the electricity. Hence, the grid operators suffer significantly because of the poor PQ of the electricity supply.
